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The  Nation  117  membrane  has  doped  with  Si02  particles  by  in  situ  sol-gel  reaction.  In  order  to  min¬ 
imize  leaching  of  doped  particles,  the  reaction  conditions  are  optimized  using  full  factorial  design  of 
experiment.  The  results  obtained  from  the  full  factorial  analysis  indicate  that  the  minimum  amount  of 
leaching  takes  place  at  60  °C,  without  addition  of  acid,  and  with  the  swelling  of  membranes  prior  to  the 
reaction.  The  membranes,  prepared  at  optimum  reaction  conditions,  are  characterized  for  water  uptake, 
thermal  stability,  proton  conductivity,  and  cell  performance.  Furthermore,  Nafion/SiCb  composites  are 
investigated  to  reduce  the  hydrogen  permeation  rate  across  the  membrane.  The  Nafion/SiCb  compos¬ 
ites  demonstrate  significantly  low  hydrogen  permeability.  Moreover,  the  water  uptake  of  Nafion/SiCb 
membrane  with  7%  of  doping  level  increase  up  to  43%  that  is  30%  higher  than  that  of  the  pure  Nation 
membrane.  DSC  Measurements  for  modified  samples  show  an  increase  in  Tg  as  compared  to  unmodified 
sample.  In  general,  the  proton  conductivities  of  hybridized  membranes  under  ambient  temperature  are 
lower  than  that  of  the  pure  membrane.  However,  at  110°C  and  in  low  humid  conditions,  the  modified 
membranes  show  increased  fuel  cell  performance  than  the  pure  Nation.  Among  the  composite  mem¬ 
branes,  the  sample  with  5-7%  of  SiC^  content  exhibits  higher  water  uptake  and  better  performance  of 
fuel  cell  test. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  are  in  the  fore¬ 
front  among  other  fuel  cell  technologies,  and  significant  efforts  in 
the  fundamental  areas  of  research  have  enabled  rapid  advances 
in  the  PEMFC  technology  development  [1,2].  PEMFCs  provide  the 
highest  power  density  and  specific  power  among  all  the  other 
fuel  cell  types  and  hence  have  applications  in  portable  devices, 
transportation,  and  stationary  power  generation  [3,4].  Common 
PEM  fuel  cells  operate  in  the  temperature  range  between  60  °C 
and  80  °C,  while  elevating  the  operating  temperature  provides 
improved  carbon  monoxide  tolerance,  faster  electrode  kinetics  and 
simpler  thermal  management  [5-7].  Polymeric  membrane  elec¬ 
trolyte  is  a  vital  part  of  the  PEM  fuel  cell.  In  general,  the  membrane 
serves  the  purposes  of:  (1)  a  barrier  between  the  anode  and  cath¬ 
ode  reactants,  (2)  proton  conduction,  and  (3)  electronic  insulator. 
Increasing  the  operation  temperature  of  PEM  fuel  cell  results  in 
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the  dehydration  of  the  polymer  electrolyte,  leading  to  increased 
membrane  resistance  and  degradation  of  the  membrane-electrode 
interface.  A  perfluorosulfonic  acid  (PFSA)  based  membranes,  such 
as  the  Nation,  is  commonly  employed  as  the  electrolyte  for  PEM 
fuel  cells  because  of  its  excellent  chemical,  mechanical,  and  ther¬ 
mal  stability,  as  well  as  its  relatively  high  proton  conductivity  when 
fully  hydrated  [8-11].  However,  Nafion  has  certain  disadvantages 
for  PEM  fuel  cell  applications.  The  proton  conductivity  of  a  Nafion 
membrane  depends  strongly  upon  the  relative  humidity  (RH)  of 
the  reactant  gases  and  the  membrane  needs  to  be  kept  humidified 
for  good  ionic  conductivity  [  1 0-1 2].  In  addition,  the  mechanical  and 
dimensional  stability  of  the  polymeric  chain  of  Nafion  can  be  dimin¬ 
ished  at  high  temperatures  as  a  result  of  its  relatively  low  glass 
transition  temperature  [9].  Besides,  according  to  analytical  reports, 
gas  crossover  of  Nafion  increases  with  temperature  rises  [13].  Thus, 
one  of  the  major  challenges  in  the  current  PEM  fuel  cell  research 
is  to  develop  an  upgraded  membrane  with  the  ability  of  working 
under  elevated  temperatures  and  low  humidification  of  reactant 
gases.  As  a  possible  approach  to  overcome  the  temperature  limita¬ 
tion,  alternative  polymeric  electrolytes,  such  as  polybenzimidazole 
(PBI),  have  been  intensively  investigated  [3].  However,  an  effective 
alternative  material  has  not  been  yet  found  to  replace  Nafion  as  the 
standard  electrolyte  of  PEMFC. 
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In  this  context,  significant  efforts  have  been  made  to  modify 
Nafion  membranes  for  the  application  at  low  humidity  or  high 
temperatures  [14-18].  One  of  the  effective  approaches  is  to  incor¬ 
porate  hygroscopic  metal  oxide  particles  such  as  silica,  zirconia, 
titania,  and  zirconium  phosphate  into  the  hydrophilic  domains  of 
the  polymer  electrolyte  membrane  to  enhance  the  water  retention 
of  the  Nafion  as  well  as  membrane  stability  at  high  temperature 
applications  [19-23].  Furthermore,  fuel  crossover  can  be  reduced 
if  inorganic  particles  are  placed  along  gas  diffusion  pathways,  i.e., 
within  the  polar  clusters  [24]. 

Nafion  metal  oxide  hybrid  membrane  may  be  produced  either 
by  physical  mixing  of  oxide  powder  with  Nafion  solution,  or  by 
the  sol  gel  reactions.  The  doping  methods  not  only  have  significant 
effects  on  Nafion  physical  characteristics,  but  also  improve  stability 
of  doped  particles  in  the  membrane.  Our  previous  work  [25]  shows 
that  physical  mixing  produces  larger  particles  with  less  uniform 
distribution  compared  to  the  sol-gel  method. 

In  the  case  of  in  situ  sol-gel  derived  Nafion/metal  oxide  com¬ 
posite  membranes,  samples  were  soaked  in  a  bath  containing 
alkoxide  of  metal-ex,  tetrabutylortotitanate  (TBT)  to  produce  Ti02 
or  tetraethylorthosilicate  (TEOS)  for  Si02  particles-allowing  the 
hydrolyzed  alkoxide  molecules  to  permeate  and  diffuse  into  the 
organic  phase.  The  polar  molecules  would  preferentially  migrate  to 
the  hydrophilic  polar  clusters  inside  the  membrane.  In  fact,  in  situ 
sol-gel  technique  is  a  site-targeted  synthesis  of  such  inorganic 
oxide  inclusions  as  quasi-networks  in  the  hydrophilic  domains. 

Studies  on  Nafion/metal  oxide  composite  membranes  have 
attracted  the  attention  of  many  research  groups.  Santiago  et  al. 
[26]  incorporated  Ti02  into  Nafion  by  sol-gel  method  to  form  a 
composite  membrane  that  shows  improved  cell  performance  at 
130  °C.  However,  no  morphological  study  has  been  reported  in  their 
work.  Daiko  et  al.  [27]  synthesized  Nafion  composite  membrane 
with  combination  of  both  TEOS  and  TBT  alkoxides  and  tested  them 
in  direct  methanol  fuel  cell.  They  concluded  that  infiltrated  oxides 
improve  the  membrane  barrier  property  against  methanol. 

Jiang  et  al.  [28]  reported  the  inorganic  modification  of  Nafion 
using  tetraethylorthosilicate  (TEOS)  by  solution  casting  method. 
They  demonstrated  an  increase  in  fuel  cell  performance  at  low 
loadings  (5wt.%).  However,  the  performance  decreased  with  an 
increase  in  inorganic  content.  Malhotra  and  Datta  [29]  showed 
that  incorporation  of  inorganic  solid  acids  (phosphotungstic  acid) 
in  Nafion  resulted  in  improved  water  retention  capacity  due  to 
additional  acidic  sites  and  hence  led  to  high  fuel  cell  performance 
at  elevated  temperatures.  However,  higher  water  solubility  of  the 
incorporated  inorganic  acids  resulted  in  excessive  swelling  leading 
to  membrane  failure. 

In  application  of  doped  membranes  in  real  PEM,  stability  of  inor¬ 
ganic  dopants  is  a  vital  issue,  but  only  a  few  reports  are  available 
that  consider  leaching  of  doped  particles  through  the  composite 
membrane.  Mauritz  et  al.  claimed  that  the  Si02-  •  -OH*  in-growths 
cannot  be  leached  out  of  the  membrane.  They  did  not  set  stability  of 
silica  particles  against  the  acid  treatment  step  as  they  were  not  sup¬ 
posed  to  apply  these  membranes  for  real  PEM  cell  [30,31  ].  Miyake 
et  al.  used  Si02-dispersed  (3-26  wt.%)  Nafion  for  a  PEFC,  but  they 
just  washed  the  membranes  in  boiled  water  [32].  Jung  et  al.  also 
used  Si02-dispersed  (6.4-21  wt.%)  Nafion  for  a  direct  methanol  fuel 
cell  (DMFC),  but  the  treatment  procedure  was  not  described  [33]. 
Hagihara  et  al.  reported  reaction  time  and  reaction  temperature 
effects  on  leaching  amount  of  doped  inorganics,  but  they  did  not 
apply  a  design  of  experiment  (DOE)  for  their  investigations  [34]. 

In  this  work,  Nafion/Si02  composite  membranes  were  produced 
in  the  different  doping  levels  of  Si02  particles  by  in  situ  sol-gel 
synthesis  of  silica  particles  in  preformed  Nafion  membranes.  Since 
stability  of  doped  particles  in  real  cell  application  is  of  great 
importance,  for  minimizing  the  leaching  of  particles,  the  sol-gel 
reaction  conditions  were  optimized  by  using  full  factorial  design  of 


Table  1 

Control  factors  and  there  levels. 


Factor 

Level  1 

Level  2 

Reaction  temperature 

60  °C 

Ambient  temperature 

pH  adjustment 

With  acid  addition 
(pH  =  2.3) 

Without  acid  addition 

Swelling  in  methanol 

Yes  (methanokwater, 

No 

prior  the  reaction 

2:1) 

experiment.  The  membranes  have  been  characterized  by  thermal 
stability,  water  uptake,  proton  conductivity,  and  cell  performance. 
Also,  as  a  novel  research,  we  compared  hydrogen  permeability  of 
Nafion/Si02  composite  membrane  and  a  bear  one. 

2.  Experimental 

2.1.  Chemicals  and  materials 

Nafion  117  membranes  and  Nafion  solution  (5  wt.%)  were 
purchased  from  Electrochem.  Tetraethylorthosilicate  (TEOS)  98%, 
sulfuric  acid  (H2S04)  98%,  hydrogen  peroxide  (H202)  30%,  and  all 
other  chemicals  obtained  from  Merck  and  used  as  received.  The 
water  used  in  all  experiments  was  prepared  in  a  Millipore  Milli-Q 
system. 

2.2.  Samples  preparation 

The  commercial  Nafion  117  membranes  of  2.5  cm  x  2.5  cm  were 
first  cleaned  in  3%  H202  at  80  °C  for  1  h.  They  were  then  rinsed  with 
deionized  water  and  subsequently  treated  in  1  M  H2S04  for  1  h  at 
80  °C.  Finally,  these  membranes  were  rinsed  in  deionized  water  at 
80  °C  for  several  times.  After  drying  at  room  temperature  under 
vacuum,  the  purified  Nafion  membranes  were  dipped  in  precursor 
solution  to  accomplish  the  hydrolysis  in  the  membranes  during  the 
treatment.  Precursor  solutions  were  prepared  by  mixing  TEOS  and 
methanol  with  the  ratio  of  3:2  (vol.%).  Different  reaction  times  lead 
to  different  loading  levels  of  doped  particles. 

After  the  infiltration  time,  membrane  surfaces  were  rinsed  sev¬ 
eral  times  with  methanol  to  wash  any  silica  layer  which  might  be 
deposited  on  the  membrane  surface.  Finally,  the  membranes  were 
dried  at  70  °C  under  vacuum  for  12  h  to  form  condensed  silicon 
oxide  network  within  the  membrane.  The  weight  percent  of  doped 
particles  is  calculated  with  dry  weight  of  membranes  before  and 
after  reaction. 

In  order  to  achieve  the  optimum  status  of  the  reaction  con¬ 
ditions,  leading  to  the  creation  of  more  stable  particles  in  the 
membrane,  three  main  factors,  including  temperature,  pH,  and 
methanol  content,  is  studied  using  full  factorial  experimental 
design.  Each  of  these  factors  is  considered  at  two  levels.  There¬ 
fore,  eight  different  experiments  will  be  set  up  according  to  2n  full 
factorial  design.  Table  1  represents  these  factors  and  their  levels 
of  study  in  this  experimental  design.  Temperature  has  two  levels; 
60  °C,  known  as  the  level  1,  and  ambient  temperature,  known  as 
level  2.  For  pH  parameter,  addition  of  acid  to  the  solution  is  indica¬ 
tor  of  level  1.  In  contrast,  its  second  level  is  specified  by  the  lack  of 
acid  in  the  solution.  Moreover,  content  of  methanol  as  the  swelling 
agent  is  the  third  parameter  of  this  experimental  design.  First  and 
second  levels  of  this  parameter  are  determined  by  methanol  exis¬ 
tence  and  absence  in  the  solution,  respectively.  The  full  factorial 
design  of  experiments  for  three  parameters  and  each  at  two  levels 
is  listed  in  Table  2.  Reaction  time  for  all  of  the  samples  tested  in 
this  design  is  considered  equal.  For  activating  — S03H  groups  of  the 
membrane  clusters  and  estimating  the  leaching  level  of  the  doped 
particles,  the  samples  are  rinsed  in  the  sulfuric  acid  solution  for  1  h. 
Then,  these  samples  are  washed  in  boiling  water  to  remove  excess 
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Table  2 

Experimental  sets  from  2n  full  factorial  design  (coded  form). 


Samples 

Reaction 

temperature  level 

pH  level 

Swelling 

level 

Al 

1 

1 

1 

A2 

1 

1 

2 

A3 

1 

2 

1 

A4 

1 

2 

2 

A5 

2 

1 

1 

A6 

2 

1 

2 

A7 

2 

2 

1 

A8 

2 

2 

2 

to  2.5  bars.  By  measuring  the  flow  rate  of  the  permeated  stream, 
permeance  of  the  passed  gas  can  be  calculated  using  Eq.  (3). 


(3) 


A,  A p,  and  J  are  effective  membrane  area,  pressure  drop,  and  the 
permeated  gas  flow  rate,  respectively.  At  steady  state  condition, 
Eq.  (4)  is  used  for  calculating  gas  permeance  in  term  of  barrer  cm-1 . 


1Qio  A'TSjp  /  dH\ 
600  AT Ap  \dt  ) 


(4) 


acid.  Leaching  level  of  the  particles  is  determined  using  the  weight 
difference  before  and  after  the  final  processing  step. 

2.3.  Membrane  characterization 


P,  L,  (dH/dt)  and  A'  are  the  gas  permeability,  thickness  of  the 
membrane,  constant  downstream  flow  rate,  and  the  cross-section 
area  of  the  manometer  tube,  respectively.  Ts tp  is  used  to  convert 
the  flow  rate  of  the  permeated  gas  to  standard  condition.  600  and 
1010  are  conversion  factors. 


Water  uptake  was  calculated  with  the  weight  difference  of  wet 
and  dry  samples  of  a  composite  membrane.  To  obtain  the  wet 
weight,  a  membrane  sample  was  equilibrated  with  distilled  water 
at  room  temperature  or  80  °C  overnight.  The  wet  sample  was  then 
removed,  dried  with  tissue  papers,  and  then  weighed.  The  dry 
weight  was  also  measured  after  vacuum  drying  of  the  sample  at 
1 00  °C  for  1  day.  The  water  uptake  was  calculated  using  the  weights 
of  wet  membrane  (Ww)  and  dry  membrane  (Wd)  with  following 
equation: 

water  uptake(%)  =  ^Ww~  —  x  1 00  ( 1 ) 

Wd 

To  obtain  the  glass  transition  temperature  (Tg)  of  samples, 
differential  scanning  calorimetry  (DSC)  was  performed  on  a  Net- 
zsch  DSC-Maia-200F3.  The  runs  were  performed  at  heating  rate  of 
20  °C  min-1  in  nitrogen  atmosphere  with  flow  rate  of  50  ml  min-1 . 
Before  each  run,  the  sample  was  dried  at  80  °C  for  8h  to  suppress 
the  endothermic  peak  by  water  desorption  during  the  measure¬ 
ment.  The  proton  conductivity  of  membranes  was  measured  by  the 
two  electrode  AC  impedance  method  [35].  A  sample  of  the  mem¬ 
brane  was  placed  between  two  gold  disc  electrodes  and  tested  in 
the  potentiostatic  mode.  The  measurements  were  carried  out  on 
the  potentiostat/galvanostat  (PARSTAT  2263)  provided  by  Prince¬ 
ton  Applied  Research.  The  spectra  were  recorded  between  100  kHz 
and  100  Hz  with  12  points  per  decade  and  maximum  perturba¬ 
tion  amplitude  of  10  mV.  The  Z.  Sim  software  was  used  to  analyze 
the  data.  All  the  samples  were  submerged  in  water  overnight  prior 
to  test.  The  proton  conductivity  of  membranes  (cr)  was  calculated 
from  impedance  date  using  the  Eq.  (2): 


where  L  and  S  are  the  thickness  and  area  of  the  membrane,  respec¬ 
tively.  Also,  R  is  the  resistance  of  the  membrane  obtained  from  the 
low  intersect  of  the  Nyquist  plot  with  the  Re  (z)  axis.  Note  that 
dimensions  of  the  membranes  have  been  measured  after  hydration 
step. 

2.4.  Hydrogen  crossover  measurement 

Pure  gas  crossover  measurements  were  carried  out  for  H2  using 
a  constant  pressure/variable  volume  method  at  room  tempera¬ 
ture.  An  experimental  apparatus  according  to  the  ASTM  D1434 
was  designed  for  gas  permeation  measurements.  The  rate  of 
the  crossing  over  stream  was  measured  using  a  flow  meter.  The 
feed  pressure  for  all  of  the  permeation  measurements  was  set 


2.5.  Membrane  electrode  assembly  (MEA)  preparation 

Three  different  membrane  electrode  assemblies  were  made 
with  pure  Nation  117  (PN),  with  Nafion/Si02  hybrid  membrane 
including  2  wt.%  of  Si02  (NS.l ),  and  with  Nafion/Si02  hybrid  mem¬ 
brane  including  7  wt.%  of  Si02  (NS.2).  In  order  to  fabricate  MEAs, 
the  membranes  were  cleaned  and  treated  to  ensure  that  they 
are  completely  in  the  protonic  form.  The  treatment  procedure  is 
reported  elsewhere  [35].  Membranes  were  hot  pressed  between 
two  electrodes  to  form  the  membrane-electrode  assemblies.  In 
order  to  prepare  the  electrodes,  Pt  catalyst  (Pt/C,  20%,  Ruth)  was 
mechanically  mixed  for  30  min  in  isopropanol  with  the  loading  of 
0.4  mg  cm-2  for  both  anodic  and  cathodic  sites.  Subsequently,  a 
30  wt.%  of  PTFE  (ElectroChem,  EC-TFE  30)  solution  was  added  to 
the  mixture  and  stirred  by  ultrasound  (Sounopuls,  HD2200).  This 
slurry  was  coated  on  the  Torary  carbon  paper  (ElectroChem,  Teflon 
treated,  EC-TP1 -060T)  by  spraying  apparatus.  Then,  the  sample  was 
dried  for  24  h  in  air  and  then  for  60  min  in  an  inert  gas  (nitro¬ 
gen  99.99%)  at  225  °C.  Then,  the  dried  electrodes  were  pressed 
by  a  rolling  apparatus  and  sintered  for  30  min  in  an  inert  gas 
(nitrogen  99.99%)  at  350  °C.  Electrodes  were  impregnated  by  brush¬ 
ing  a  5%  Nation  solution  (ElectroChem,  EC-NS-05)  with  loading 
of  2  mg  cm-2  onto  the  electrocatalyst  layer.  The  electrodes  were 
dried  in  oven  for  60  min  at  80  °C.  The  membrane  was  hot-pressed 
between  two  electrodes  at  1 40  °C  for  2  min  and  1 20  atm  to  complete 
MEA. 

2.6.  Fuel  cell  performance 

A  schematic  diagram  of  the  experimental  apparatus  employed 
in  this  study  is  shown  in  Fig.  1 .  Pure  hydrogen  and  oxygen  were 
used  as  the  fuel  and  oxidant  gases,  respectively.  Humidification  of 
the  reactants  was  achieved  by  temperature-controlled  water  bot¬ 
tles.  The  temperature  of  bottles  could  be  calibrated  to  yield  the 
different  relative  humidity  (RH)  values  and  dew  points.  Flow  rates 
of  fuel  and  oxidant  gases  are  controlled  using  the  mass  flow  con¬ 
troller  (MFC,  AALBORG,  GFC1 71 ).  The  PEM  fuel  cell  was  pressurized 
by  a  backpressure  regulator  to  the  desired  pressure  condition.  A  sin¬ 
gle  PEM  fuel  cell  (ElectroChem,  FC05-01 SP)  with  active  surface  area 
of  5  cm2  was  used  for  all  experiments  in  this  study.  The  tempera¬ 
ture  of  cell  was  controlled  via  a  temperature  controller  (Barnant 
Company,  8900-15).  The  gas  connections  between  the  gas  control 
system  and  the  fuel  cell  inlets  are  well  insulated  to  prevent  cool¬ 
ing  and  condensing  of  the  water  vapor  on  the  path  to  the  fuel  cell. 
Cell  voltage  and  current  were  determined  simultaneously  at  differ¬ 
ent  loads  using  a  Multimeter,  and  the  polarization  curves  (voltage 
versus  current  density)  of  the  PEMFC  were  obtained. 
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3.  Results  and  discussion 

3. 1.  Optimum  conditions  of  the  sol-gel  reaction 

After  the  final  treatment  step,  usually  a  major  percentage  of 
the  doped  metal  oxides  are  dissolved  in  the  solution.  Most  of  the 
researchers  have  ignored  the  studies  of  the  final  processing  step 
or  even  have  not  done  this  step  at  all.  But,  in  view  of  the  fact 
that  the  membrane  is  always  exposed  to  water  in  the  real  fuel  cell 
applications,  the  stability  of  the  doped  particles  is  important. 

Table  3  represents  the  impact  of  hydrolysis  conditions  on  the 
remaining  amount  of  Si02  particles.  After  the  final  treatment  step, 
membranes  are  put  again  in  the  vacuum  oven  to  determine  the 
dissolution  amount  of  the  metal  oxide.  Leaching  percentage  and 
dissolution  amount  of  the  mineral  particles  are  calculated  using 
the  weight  losses  of  the  membranes.  According  to  the  results  of 
Table  3,  optimum  conditions  of  the  hydrolysis  reaction,  resulting 
in  the  minimum  leaching  level  of  the  doped  particles,  is  achieved 
at  60  °C,  without  addition  of  acid,  and  in  the  presence  of  methanol  as 
swelling  agent.  This  situation  is  related  to  the  A3  sample.  Therefore, 
all  other  samples  are  prepared  with  A3  conditions  for  specification 
tests. 

Positioning  of  mineral  particles  in  the  interspaces  between 
acidic  Nafion  clusters  has  reduced  severely  the  possibility  of  their 


Table  3 

Leaching  amount  of  Si02  after  final  treatment. 


Samples 

Doping  levels: 
before  final 
treatment  (wt.%) 

Doping  levels:  after 
final  treatment 
(wt.%) 

Leaching 
amount  (%) 

Al 

10.7 

8.6 

20.0 

A2 

9.1 

6.4 

29.2 

A3 

8.9 

8.4 

5.1 

A4 

8.5 

6.7 

21.0 

A5 

9.0 

7.4 

17.7 

A6 

8.6 

5.8 

33.0 

A7 

8.7 

6.6 

21.5 

A8 

8.5 

5.8 

32.0 

leaching.  Since  methanol  is  a  good  solvent  for  the  Nafion  mem¬ 
brane,  it  seems  that  immersion  of  membranes  in  the  methanol 
before  sol-gel  reaction,  leads  to  their  swelling  and  facilitates  the 
accessibility  of  precursor  solution  to  the  reaction  sites.  Moreover, 
higher  temperature  (such  as  60  °C)  leads  to  more  swelling  of  the 
membranes  and  eases  the  particle  penetration  into  ionic  clusters. 

Furthermore,  acidic  environment  causes  a  quick  reaction. 
Hence,  it  is  very  effective  in  increasing  doping  level  before  final 
treatment.  Yet,  higher  reaction  rate,  caused  by  acidic  environment, 
leads  to  the  occurrence  of  hydrolysis  reaction  and  generation  of 
particles  outside  Nafion  clusters.  Thus,  they  will  be  easily  leached 
in  the  final  treatment  step. 

Leaching  data  were  analyzed  by  Minitab  Software  to  determine 
importance  of  each  parameter.  Fig.  2  represents  the  main  effects  of 
each  factor  on  leaching  amount  of  doped  particles.  The  data  pre¬ 
sented  in  Fig.  2  are  the  mean  values  at  each  level  for  the  leaching 
percentage.  Each  small  box  has  two  means  connected  by  a  solid 
line.  The  sharper  the  gradient  of  the  line,  the  larger  the  difference 
between  the  two  means  and  therefore  the  greater  the  influence 
of  the  factor  on  the  leaching  amount.  As  seen  in  the  Fig.  2,  based 
on  lines’  slopes,  the  most  important  factor  influencing  leaching  is 
swelling.  This  indicates  the  importance  of  Nafion  network  accessi¬ 
bility  for  mineral  particles  to  be  reinforced  in. 

After  determining  the  optimum  reaction  conditions  by  exper¬ 
imental  design,  several  samples  with  different  doping  levels  are 
prepared  at  optimum  condition  for  investigating  the  effects  of  addi¬ 
tion  of  Si02  particles  on  the  Nafion  membrane  characteristics.  The 
specifications  of  these  final  samples  are  presented  in  Table  4. 

For  more  details,  the  doping  amounts  of  samples  are  plotted  as  a 
function  of  reaction  time  in  Fig.  3.  As  seen  in  this  figure,  the  weight 
increases  with  increasing  reaction  time  and  reaches  to  an  almost 
constant  level  after  a  long  period  of  time.  Also  in  Fig.  3,  the  weight 
change  is  re-plotted  as  a  function  of  the  square  root  of  reaction 
time.  Note  that  the  linearity  suggests  that  the  reaction  is  controlled 
by  diffusion  process.  This  result  has  also  been  confirmed  by  Daiko 
etal.  [36]. 

Since  the  diffusion  process  is  controlling  the  sol-gel  reaction, 
the  swelling  of  membranes  in  methanol  solution  before  reaction 
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Fig.  2.  Main  effects  plot  for  leaching  amount. 


Fig.  3.  Doping  amount  of  SiC>2  particles  versus  infiltration  time. 


could  facilitate  the  diffusion  of  TEOS  monomers  into  Nation  clus¬ 
ters  resulting  in  stable  particles  which  would  not  leach  easily.  This 
consequence  is  in  agreement  with  leaching  study  results  indicating 
that  swelling  of  samples  is  the  most  important  parameter  affecting 
particles  leaching. 

3.2.  Water  uptake 

Fig.  4  shows  the  water  uptake  results  of  pure  Nation  and 
Nafion/Si02  composite  membranes  at  two  different  hydration  tem¬ 
peratures.  At  80  °C,  all  the  sampels  show  higher  water  uptake  in 
comparison  to  the  ambient  temperature.  These  results  are  in  agree¬ 
ment  with  published  data  from  various  researchers.  Jalani  et  al. 
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Fig.  4.  Water  uptake  of  composite  membranes  in  two  different  temperatures. 


[37]  have  been  found  that  the  water  sorption  of  Nation  membranes 
increases  with  temperature  from  30  °C  to  90  °C.  Their  sorption  data 
also  was  in  agreement  with  water  sorption  model  which  was  devel¬ 
oped  by  them  [38,39]. 

In  an  early  study,  it  was  found  that  Nation  membrane  becomes 
rubbery  when  the  sorption  temperature  increases  with  a  tendency 
to  uptake  more  water  [40].  This  behavior  i.e.  more  water  uptake  at 
higher  temperature,  is  explained  by  the  increase  in  the  flexibility  of 
polymer  chains  via  a  decrease  in  Young’s  Modulus  (E)  of  membrane 
with  temperature.  Kawano  et  al.  [41  ]  have  studied  the  stress-strain 
characteristics  of  Nation  membrane  at  different  temperatures  and 
found  that  the  initial  slope  of  the  curves  i.e.,  the  Young’s  modulus  (E) 
decreases  with  increasing  temperature,  thus  softening  the  mem¬ 
brane  and  allowing  higher  water  uptake.  A  lower  Young’s  modulus 
(E)  reduces  the  swelling  pressure  on  the  imbibed  liquid  thus  caused 


Table  4 

Specifications  of  prepared  Nafion/Si02  hybrid  membranes. 


Sample  code 

Reaction  time 
(min) 

Doping  level 
(wt.%) 

Tg(°C) 

Thickness 

(pan) 

Proton  conductivity 

(10-3  Scm-1) 

Transparency 

PN 

0 

0 

99 

180 

11.21 

Completely  Transparent 

NS.l 

15 

2 

- 

190 

7.11 

Transparent 

NS.2 

45 

5 

113 

190 

4.34 

Transparent 

NS.3 

80 

7 

118 

195 

3.00 

Partially  transparent 

NS.4 

175 

10 

125 

197 

0.78 

Opaque 

NS.5 

270 

12 

- 

- 

- 

Opaque 

M.  Amjadi  et  al.  /  Journal  of  Power  Sources  210(2012)  350-357 


355 


30  50  70  90  110  130  150  170  190 


Temperature  (°C) 


Fig.  5.  DSC  curves  of  membranes. 


to  equilibrate  at  higher  sorption  amount.  As  seen  in  Fig.  3,  water 
uptake  increases  with  an  increase  of  Si02  doping  level  up  to  7  wt.%. 
Water  uptake  of  Nafion/Si02  membrane  with  7  wt.%  of  doping  level 
is  36%  higher  than  that  of  the  pure  Nation  membrane.  This  can  be 
attributed  to  the  presence  of  hydrophilic  inorganic  particles  rein¬ 
forced  in  Nation  matrix.  Because  of  the  masking  of  hydrophilic  HS03 
groups  in  the  Nation  clusters,  further  increase  in  doping  amount 
leads  to  the  decrease  in  water  uptake. 


3.3.  DSC  measurements 

One  of  the  most  important  characteristics  of  proton  exchange 
membranes  which  must  be  improved  for  high  temperature  appli¬ 
cations  is  glass  transition  temperature  (Tg).  Above  this  temperature, 
membrane  loses  its  rigidity,  and  the  performance  of  membrane 
decreases  dramatically  due  to  the  shrinkage.  Thus,  PEM  fuel  cells 
must  be  applied  below  this  temperature  [25].  Fig.  5  shows  the  DSC 
curves  for  pure  Nafion  and  Nafion/Si02  with  5,  7,  and  10  wt.%  of 
silica  which  are  named  as  (PN),  (NS.2),  (NS.3),  and  (NS.4),  respec¬ 
tively.  The  range  of  Tg  is  calculated  automatically  by  measurement 
device  (Netzsch),  so  it  is  not  necessary  to  obtain  Tg  from  infection 
of  curves.  The  results  of  DSC  measurements  are  listed  in  Table  4. 
It  can  be  seen  that  Tg  of  the  composite  membranes  shift  to  the 
higher  temperatures.  As  seen  in  Table  4,  Tg  increases  with  increas¬ 
ing  the  amount  of  doping  level.  From  the  DSC  data,  it  is  found  that 
glass  transition  temperature  of  NS.2  composite  membrane  is  14  °C 
higher  than  that  of  pure  Nafion  membrane.  This  temperature  differ¬ 
ence  is  1 9  °C  and  26  °C  for  NS.3  and  NS.4  samples,  respectively.  This 
increase  of  Tg  reveals  improved  thermal  stability  of  the  Nafion/Si02 
samples  and  hence  provides  their  potential  advantages  for  PEM  fuel 
cell  operation  at  high  temperatures. 

Such  increase  of  Tg  can  be  related  to  the  free  volume  theory 
[42].  Based  on  this  theory,  thermal  expansion  of  free  volumes,  the 
space  that  is  not  occupied  by  polymer  chains,  occurs  above  glass 
transition  temperature,  and  polymer  chains  begin  to  fill  the  free 
volumes  as  a  result  of  their  enhanced  thermally  motivated  seg¬ 
mental  motions.  Incorporation  of  Si02  particles  into  the  Nafion 
polymer  matrix  would  fill  these  free  volumes  and  would  cause  need 
to  more  energy  for  starting  segmental  motions,  which  would  result 
in  higher  glass  transition  temperatures.  Reduction  of  free  volume 
has  also  significant  effects  on  gas  crossover  which  will  be  discussed 
in  Section  3.6. 


3.4.  Proton  conductivity 

The  proton  conductivity  values  of  the  composite  membranes 
are  listed  in  the  Table  4.  All  measurements  were  conducted  under 
ambient  conditions  with  temperature  of  23  °C  and  relative  humid¬ 
ity  (RFI%)  of  30  ±5%.  For  comparison,  the  proton  conductivity  of 
pure  Nafion  is  also  shown  in  this  table.  It  can  be  seen  from  Table  4 
that  the  highest  value  of  proton  conductivity  is  obtained  by  pure 
Nafion  and  thus  impregnation  of  silica  into  the  Nafion  matrix 
slightly  decreases  this  conductivity  value.  Also,  it  is  found  from 
this  table  that  the  proton  conductivity  of  the  composite  mem¬ 
branes  has  been  decreased  with  increasing  of  the  silica  content 
of  the  impregnated  Nafion  membranes.  The  proton  migration  in 
Nafion-based  membranes  occurs  primarily  by  Grotthuss  and  Vehic¬ 
ular  mechanisms  [43-45].  In  Grotthuss  mechanism,  protons  hop 
from  the  H30+  donor  acid  site  to  any  neighboring  acceptor  water 
molecule,  while  protons  transfer  by  the  hydronium  ions  in  vehicu¬ 
lar  mechanism.  In  other  words,  proton  transfer  agent  in  Grotthuss 
mechanism  is  immobile,  whereas  is  mobile  in  vehicular  mecha¬ 
nism.  In  general,  water  is  essential  for  good  conduction  in  both 
mechanisms.  With  the  increasing  of  Si02  content  in  the  mem¬ 
branes,  the  decrease  in  proton  conductivity  in  spite  of  increase 
in  water  uptake  may  be  attributed  to  a  blocking  effect  of  Si02 
particles,  which  disrupt  the  continuity  of  sulfonic  group  clusters. 
The  existence  of  these  groups  is  responsible  for  the  proton  motion 
in  the  Grotthuss  mechanism.  Also,  non-conducting  Si02  particles 
which  remain  embedded  in  the  channels  connecting  the  clusters 
restrict  the  vehicular  transport  of  protons  [43  ].  Therefore,  the  slight 
decrease  in  proton  conductivity  with  inorganic  modification  shows 
that  the  disruption  of  proton  movement  path  is  more  significant 
than  the  water  uptake  increases. 


3.5.  Hydrogen  crossover 

Flydrogen  crossover  is  an  undesirable  diffusion  of  hydrogen 
from  the  anode  to  the  cathode  through  the  membrane.  The  hydro¬ 
gen  which  crosses  over  to  the  cathode  side  can  directly  react  with 
oxygen  at  the  cathode  surface,  resulting  in  fuel  consumption  with¬ 
out  generation  of  electrical  energy.  Thus,  the  fuel  efficiency  and 
open  circuit  voltage  (OCV)  would  be  decreased.  More  severely,  this 
direct  reaction  between  H2  and  O2  at  the  cathode  can  produce  per¬ 
oxide  radicals,  which  attack  not  only  the  catalyst  layer  but  also 
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Fig.  6.  Hydrogen  permeability  of  membranes  in  term  of  Barrer. 


the  membrane,  causing  significant  catalyst-layer  and  membrane 
degradation  [13]. 

The  permeability  values  of  Hydrogen  for  pure  Nation  and 
Nafion/Si02  composite  membranes,  which  have  been  shown  in 
Fig.  6,  are  listed  in  Table  4.  According  to  the  results,  H2  permeability 
of  the  pure  Nation  membrane  is  reduced  as  Si02  particles  are  added 
to  the  membrane.  Higher  loading  levels  of  doped  particles  lead  to 
lower  gas  permeabilities. 

Although  the  effects  of  incorporation  of  mineral  particles  on  the 
Methanol  permeability  reduction  are  studied  extensively  [46-49], 
there  is  not  any  report  in  the  literature  discussing  the  gas  perme¬ 
ation  properties  of  Nafion/Si02  composite  membranes.  Felice  et  al. 
have  reported  recently  similar  trends  for  the  reducing  behavior  of 
H2  permeance  through  the  Nafion/clay  composite  membrane  [50]. 
They  have  concluded  that  addition  of  clay  particles  to  the  Nation 
membrane  reduces  H2  permeability. 

In  general,  permeation  mechanism  for  small  molecules,  such 
as  H2,  is  dominated  by  Diffusion.  On  the  other  hand,  permeation 
of  large  and  polar  molecules,  like  C02,  is  controlled  by  Solution 
mechanism  [51  ].  Reduction  of  the  H2  permeability  by  adding  Si02 
particles  to  the  Nation  membrane  could  be  related  to  the  reduction 
of  the  void  spaces  in  the  membrane.  In  fact,  mineral  particles  which 
are  placed  within  the  Nation  matrix  network  hinder  the  Hydro¬ 
gen  permeation  by  increasing  tortuosities  of  the  diffusion  path.  A 
comprehensive  investigation  on  gas  cross  over  of  Nation  composite 
membrane  is  our  current  study  in  our  laboratory. 

3.6.  Fuel  cell  performance 

Polarization  curves  for  membrane  electrode  assemblies  contain¬ 
ing  Nation  117  (PN),  Nafion/silica  membrane  with  2wt.%  of  Si02 
content  (NS.l),  and  Nafion/silica  membrane  with  5wt.%  of  Si02 
content  (NS.2)  were  measured  at  two  different  temperatures  and 
relative  humidities.  Each  data  set  represents  a  typical  steady  state 
voltage  that  was  taken.  Fig.  7  shows  the  polarization  curves  of  pure 
Nation  membrane  and  composite  membranes  at  70  °C  and  100% 
RH.  As  seen  in  this  Figure,  at  this  condition,  pure  Nation  membrane 
has  a  better  performance  than  the  composites  ones.  The  polariza¬ 
tion  curve  of  this  membrane  electrode  assembly  (PN)  is  located 
upper  than  SN.l  and  SN.2  samples.  For  instance,  a  current  density 
of  PN  was  recorded  as  830  mA  cm-2  against  620  mA  cm-2  for  NS.l 
at  0.4  V. 

In  fact,  better  performance  of  pure  Nation  was  expected  accord¬ 
ing  to  the  results  of  proton  conduction  measurements  indicating 
its  highest  proton  conductivity. 

Furthermore,  at  70  °C  and  100%  RH,  the  humidification  issue 
(dehydration)  is  not  a  vital  problem  and  membrane  still  has  suffi¬ 
cient  water  for  proton  conduction.  Polarization  curves  of  PN,  NS.l, 
and  NS.2  samples  at  110°C  and  30%  RH  are  shown  in  Fig.  8.  At  this 
temperature,  pure  Nation  shows  very  poor  performance  while  the 
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Fig.  7.  PEM  fuel  cell  performance  of  membranes  at  70  °C  and  1 00%  relative  humidity. 


polarization  curves  of  composite  membranes  are  continued,  and 
current  density  of  these  composite  membranes  is  reached  to  about 
450  mAcrn-2  at  0.4  V.  Performance  deterioration  of  pure  Nation  at 
this  condition  may  be  explained  by  two  reasons.  The  first  is  related 
to  the  thermal  stability  of  Nation.  Considering  the  Tg  of  pure  Nation 
as  99  °C,  which  was  measured  by  DSC,  increasing  the  temperature 
up  to  Tg  leads  to  the  increasing  of  the  membrane  shrinkage,  and  thus 
its  performance  dramatically  decreases.  The  second  reason  refers 
to  the  humidification  of  the  membrane.  At  1 1 0  °C,  pure  Nation  loses 
its  water,  and  its  resistance  increases.  Higher  performance  of  NS.l 
and  NS.2  shows  that  silica  particles  enhance  the  water  uptake  of 
composite  membranes,  and  membranes  would  be  able  to  operate  at 
elevated  temperatures.  Higher  OCV  of  composite  membranes  com¬ 
pared  to  the  pure  one  is  another  subject  that  could  be  seen  from 
these  curves.  This  confirms  the  results  of  hydrogen  permeation 
measurements. 

4.  Conclusion 

To  improve  the  high  temperature  performance  of  PEM  fuel  cells, 
Si02  particles  were  incorporated  into  Nation  by  sol  gel  technique. 
A  2n  full  factorial  design  of  experiment  was  applied  to  optimize  the 
sol  gel  reaction  conditions.  DOE  results  revealed  that  the  optimum 
reaction  conditions  for  minimizing  leaching  of  the  particles  are 
approached  according  to  the  A3  experiment  conditions.  Statistical 
analysis  of  DOE  has  indicated  that  the  swelling  of  membrane 
before  reaction  is  the  most  dominant  factor  in  leaching  study.  To 
reach  the  optimum  water  uptake  and  cell  performance  values, 
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composite  membranes  were  made  at  different  doping  levels  (2, 
5,  7,  10,  and  12wt.%).  Among  the  doped  membranes,  the  sample 
with  5-8  wt.%  of  Si02  content  exhibits  higher  water  uptake.  DSC 
results  showed  that  incorporation  of  inorganic  silica  into  the 
Nation  matrix  increases  Tg  of  all  samples  which  is  essential  for 
operation  of  PEM  fuel  cells  at  elevated  temperatures.  Although 
proton  conduction  of  Nafion/Si02  hybrid  membranes  with  2  and 
5  wt.%  of  doping  amount  decrease  slightly  at  ambient  temperature 
and  humidity,  they  show  better  cell  performance  at  1 1 0  °C  and  30% 
RH.  Moreover,  doping  reduced  the  hydrogen  crossover  through  the 
membranes,  leading  to  higher  OCV  values  compared  to  bear  ones. 
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